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tr ibutes nothing to <S>; Eq. [A-5] and [A-7] are un- 
changed (so is Eq. [15] in the text). However,  < l /S> be- 
comes 
+ - -  [A-14] <11S>=~- ~ (2-~) 
which on combining with Eq. [A-7] yields Eq. [17]. 
LIST OF SYMBOLS 
a interfacial area/total pore volume, cm2/cm 3
b Tafel parameter, V 
c(z) local concentrat ion i micropore, mol/cm ~ 
c(z) local concentrat ion i macropore, mol/cm ~ 
C1 integration constant, V/cm 
D diffusivity, cm2/s 
F Faraday constant, C/eq 
i(z) interfacial current density, A/cm 2 
i0 exchange current density, A/cm 2 
iavg average interfacial current density, A/cm 2 
I'(z) total current along pore axis, A 
L length of pore, cm 
n electron number  of reaction, eq/mol 
_n' number  of spheres per unit area in Fig. 5, cm 2 
N number  of constrictions per channel in constricted 
cubic pore structure 
R Gas constant, J /tool 9 K 
S(z) local cross-sectional rea, cm 2 
$1 surface area sca le in  Eq. [1]-[3] 
T temperature, K 
z distance into pore from electrode-electrolyte inter- 
face, cm 
Greek 
transfer coefficient, eq/mol 
dimensionless urface roughness size in Eq. [16] and 
[17] 
h dimensionless average interfacial current density 
em macroscopic void vo lume fraction, dimensionless 
integration variable in Eq. [2], cm 
overpotential,  V 
K electrolyte conductivity, (~ cm) 1 
local averaging distance, cm 
geometr ic parameter in Fig. 7, dimensionless 
9 c constriction factor, dimensionless 
potentialz V
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Electrochemical Deposition of Aluminum from NaCI-AICI3 Melts 
Li Qingfeng, H. A. Hjuler,* R .W. Berg, and N. J. Bjerrum 
Molten Salts Group, Chemistry Department A, The Technical University of Denmark, DK-2800 Lyngby, Denmark 
ABSTRACT 
Electrochemical  deposit ion of a luminum from NaA1C14 melts saturated with NaC1 onto a glassy carbon electrode at 
175~ has been studied by voltammetry, chronoamperometry,  and constant current deposition. The deposit ion of alumi- 
num was found to proceed via a nucleation/growth mechanism, and the nucleation process was found to be progressive. 
The morphology of a luminum deposits was examined with photomicroscopy. It was shown that depending on the current 
densities (c.d.) applied, three types of a luminum deposits could be obtained, namely, spongy deposits formed at lower c.d. 
2 2 (below 0.7 mA/cm ), smooth layers deposited at intermediate c.d. (between 2 and 10 mA/cm ), and dendrit ic or porous de- 
posits obtained at high c.d. (above 15 mA/cm2). However,  the smooth a luminum deposits were about five t imes more volu- 
minous than the theoretical value. The spongy deposits were formed due to difficulties in electronucleation a d could be 
inhibited by application of pulsed currents and/or addit ion of manganese chloride into the melt. 
A luminum has been used as anode material in newly de- 
veloped rechargeable batteries with the NaA1C14 molten 
salt as the electrolyte and transition metal sulfides as cath- 
odes at 175~ (1, 2). During the charging of the batteries, it 
was found (3) that a luminum dendrites can be formed 
under certain circumstances. The spacing between the 
electrodes in the batteries is usual ly very small; hence, the 
density of the deposits is of importance for the capacity 
and life of the batteries. Noncompact,  dendrit ic deposits 
may cause short circuiting, early deterioration, and so on. 
Barton and Bockris (4) and Diggle et al. (5) have de- 
veloped a kinetic model  of dendrite formation in which the 
role of a diffusion-controlled process was emphasized to 
account for the initiation and growth of dendrites. A set of 
rules governing the kinetics of dendrite formation was es- 
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tablished, mainly that (i) a certain critical current density 
(overpotential) must be exceeded in order to provoke den- 
drite formation, (ii) dendrite growth exhibits a certain in- 
duct ion period before it becomes visible, and (iii) the 
critical current density or overpotential  for dendrite for- 
mation is directly related to the concentrat ion of the de- 
posit ing species. 
As early as the 1930s, a luminum dendrites were found to 
be favored during deposit ion at high current density from 
NaC1-A1C13 melts (6, 7). This was later studied by Mido- 
r ikawa in a series of papers (8-10). Thereafter, several stud- 
ies have been performed in this field (11-17). Many investi- 
gations supported the assumption of diffusion-controlled 
dendrite formation for a luminum deposition. As expected, 
a critical current density or overpotential is present for alu- 
minum dendrite initiation, and the critical value is directly 
related to the mass transport condit ions and the concen- 
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tration of species containing a luminum (12-14). Generally, 
in melts with less than 57 mole percent (m/o) A1C13, the 
critical current density is very small and dendrites are eas- 
ily formed. This finding is unfortunate, since at high con- 
centrations of AIC13 the melts are difficult to handle be- 
cause of their high vapor pressures. 
There were also reports suggesting that electrode sub- 
strates (8, 11, 15), inorganic and organic additives 
(10, 13, 16, 17), and superposed alternating current (8) or 
pulsed current (15) had significant effects on inhibit ing 
a luminum dendrite formation. These findings cannot, of 
course, fit the mechanism of diffusion-controlled dendrite 
formation but suggest he governing role of the formation 
of crystall ine nuclei in the deposit ion (14, 15). In the over- 
voltage measurement  in a NaC1-KC1-A1C13 melt, Hayashi 
et al. (18) found that the main part of cathodic polarization 
seemed to be due to crystallization overvoltage in the low 
polarization potential region. Rolland and Mamantov (19) 
found that the reduction of A12C17- in acidic chloroalumi- 
nate melts involved a nucleation process. Apart from this, 
little work has been done on the electrochemical nucle- 
ation and growth of a luminum from that medium. More- 
over, almost all previous studies were performed in acidic 
NaCI-A1CI3 melts, and little work has been reported in the 
basic NaC1-A1C13 melt  saturated with NaC1. This system is 
of much more interest from the technical point of v iew be- 
cause of its low vapor pressure. It was our intention to 
study the electrochemical  nucleation process and to exam- 
ine how and when the a luminum dendrites form in NaC1- 
saturated melts at 175~ 
Exper imental  
Preparat ion  of  chemicals.- -Puri f icat ion of A1C13 and 
NaC1 and other experimental  procedures have been previ- 
ously described (3, 20). The equimolar NaC1-A1CI~ melts, 
which were made from distilled A1Cla and analytic-grade 
NaC1 dried at 200~ became slightly yellow after several 
days of exper imentat ion and some dark particles were al- 
ways formed both on the a luminum electrode and in the 
melt. Further purification of the equimolar melts was 
therefore performed by zone refining carried out in a glass 
furnace consisting of nine stationary ring heaters. A cer- 
tain amount  of a mixture of 50.1 m/o distil led A1C13 and 
49.9 m/o dried NaC1 was charged into a Pyrex ampul  of 
200 mm length and 25 mm inner diameter. The ampul  was 
then sealed off under vacuum and heated overnight in a 
rocking furnace. The heating zones of 35 mm width each 
were maintained at 158~ The motion of the charged 
ampul  involved a displacement range of 75 mm, which 
was repeated many times. The travel rate of the molten 
zones was 3 mm/h. The duration of the whole refining pro- 
cedure was about 2 weeks. 
After zone refining, the molten salts were colorless and 
al lowed a luminum electrodes in the subsequent experi- 
ments to remain shiny and bright. However,  a tiny amount  
of dark particles still appeared in the melt after some days 
of use. 
at least half an hour and then left for another half hour to 
el iminate the concentration polarizations. 
A luminum deposits were achieved by electrolysis at 
constant current, which was del ivered by a chronoam- 
perostat built in this laboratory. To ensure that sufficient 
metal  was deposited to provide a visible layer of a luminum 
deposits, a total charge of ca. 30 C/cm 2 was employed in 
each run, corresponding theoretically to a 0.01 mm thick- 
ness of uniformly plated aluminum. The duration of each 
deposit ion exper iment varied from several minutes to 
more than 20h, depending on the current density applied. 
After deposition, the a luminum deposits were observed by 
using a Zeiss Jena Technival 2 Stereo Microscope 
equipped with an Olympus OM-2 SLR camera and a 
Sehott  KL 1500 cold light source. The morphology of the 
a luminum deposits was examined by mierophotography 
and the specific vo lume of the smooth deposits was meas- 
ured as averages from the pictures. 
Results and Discussion 
Voltammograms.  Figure 1 shows vol tammograms ob- 
tained in both slightly acidic (Fig. la) and slightly basic 
(saturated with NaC1, Fig. lb) NaC1-A1CI~ melts at 175~ 
The small current peak A in Fig. la may be attributed to 
the A12C1C reduction which starts at ca. -50 mV vs. the 
a luminum reference. Rolland and Mamantov (19) found 
the same overpotential value in their electrochemical  
study. The peak was fol lowed by the A1C14 reduction. In 
the voltamrnogram from the basic melts (Fig. lb), the cur- 
rent peak disappeared. In this case only AIC1C reduction 
occurred starting at ca. -65  mV vs. aluminum. In the ca- 
thodic branches of both voltammograms, cross-over loops 
appeared on reversing sweeps characterizing the presence 
of a nucleation/growth process. Integration of both the ca- 
thodic and the anodic currents of the vo l tammograms ob- 
tained from the basic melts gave a charge ratio, QJQa, be- 
tween 1.01-1.05, indicating that the reduction of A1C1C 
behaves reversibly in a chemical sense. 
Chronoamperograms. - -F igure 2 shows a set of potentio- 
static current-t ime transients obtained at different over- 
potentials in NaA1C14 saturated with NaC1. For all over- 
potentials applied, there appears to be a peak current 
transient corresponding to the charging of the electric 
double layer. For overpotentials below 65 mV vs. the A1 
reference, there is no reduction current. A nucleation over- 
potential of at least 65 mV is required for any significant 
electrodeposit ion to take place. This is in agreement with 
the overpotential observed in voltammetr ic measurement  
for the same electrode and the same NaCl-saturated melt. 
For overpotentials larger than 70 mV, the capacitive charg- 
ing current was fol lowed by a rising current due to the for- 
mation of new nuclei. As the nuclei grew, the overlap of 
nuclei or neighboring diffusion zones gave rise to a current 
max imum followed by a falling portion of current. The 
t ime to reach the max imum current decreased as the ap- 
plied overpotentials increased (Fig. 2a). 
Cell assembly and  oven.- -To facilitate the visual obser- 
vation of the a luminum deposits, the cells were made of 
square Pyrex tubes. The working electrode was made of a 
glassy carbon rod (Type V10 from Le Carbone Lorraine) of 
3 mm diameter (area 0.07 cm2), as described earlier (3). Two 
a luminum rods of 99.999% purity joined to tungsten leads 
were used as the counter and reference lectrode, respec- 
tively. The reference electrode was placed in the cell in 
such a way that it was surrounded mainly by NaA1CI4 satu- 
rated with NaC1 (i.e., the composit ion of the melt before an 
exper iment  started). The test cell was placed into a trans- 
parent oven of our own construction, heated with circu- 
lated air. The a luminum deposits could be observed and 
photographed directly. 
Inst ruments  and  measurements .~Vo l tammograms nd 
potentiostatie current transients were obtained with an 
electrochemical  system built in this laboratory (21) and re- 
corded on a Hewlett-Paekard X-Y recorder (Type 7004B). 
After each set of measurements,  the working electrode 
was kept at a positive potential of 100 mV vs. aluminum for 
~176176 0.02 O. ~e 0 
- 0.04 0.4 
-o2 0 02 -o;~ ; o;~ 
potentiat (V) 
Fig. ]. Vol tammograms on glassy carbon electrodes st | 75~ sweep 
rates were 10 mY s -1. (a) 49.7 m/o NaCl-50.3 m/o AICI3 melt. (b) 
NaAICI4 saturated with NaCl. 
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Fig. 2. Potentiostatic current transients for deposition of aluminum 
onto a glassy carbon electrode (3 mm diam) from a NaCI-saturated 
melt (a) at low overpotentials (mV), and (b) at high overpotentlals 
(mV). Applied overpotentials (mV) vs. aluminum reference are indi- 
cated in the figure. For clarity not all measured current transients are 
shown. Electrode area, 0.07 cm 2, temperature, 175~ 
When large overpotent ia ls  are applied, the t ime required 
to reach the max imum current  becomes so short  that  the 
capacit ive current  peak is not d is t inguishable  from the ris- 
ing port ion of the current  t rans ients  due to the faradaic 
process. After the first max imum in the transients,  the cur- 
rent  r ises again, and a second current  max imum appears 
thereafter  when overpotent ia ls  arger than  120 mV are ap- 
pl ied (Fig. 2b). As nuc leat ion proceeds cont inuously,  new 
nucle i  are formed on top of the first depos i ted layer long 
before it has  covered the whole area of the electrode sur- 
face, i.e., mult inuc lear  mult i layer  growth occurs (22). 
For  a three-d imens iona l  nucleat ion,  express ions for the 
theoret ica l  current  t rans ients  descr ib ing both  the r is ing 
and  the fal l ing parts have been obta ined for both  instanta-  
neous and progressive nuc leat ions (23, 24). A conven ient  
cr i ter ion for d is t inguish ing between the two mechan isms 
is to represent  the exper imenta l  data in the d imens ion less  
plot, (i/im) 2 VS. t/tm, where im and t~ are the coordinates of 
the current  max imum on the current  ransients.  This anal- 
ysis can be made by compar ing  the exper imenta l  data wi th  
theoret ica l  plots resul t ing f rom Eq. [1] and [2] for instanta-  
neous  and progress ive nucleat ions,  respect ively (24) 
(ilim) 2 = 1.9542 (t l t~) (-l~ {1 -- exp [-1.2564 (tltm)]} 2 [1] 
(i l im) 2 = 1.2254 (tlt=) (-1) {1 -- exp [-2.3367 (tit,,)2]} 2 [2] 
It is found that  the d imens ion less  plot of our exper imenta l  
data fits to the theoret ical  curve cor respond ing to progres- 
sive nuc leat ion except  for low values of t/tm. AS demon-  
strated (25), the exper imenta l  current  t rans ients  are af- 
fected by a certain t ime delay, to. The exact  compar ison  is 
poss ib le only after correct ion of the t ime scale by def in ing 
treal = t - to [3] 
F igure 3 shows the graphical  analysis of the r is ing por- 
t ion of current  transients.  A l inear dependence  of i 2/3 on 
t ime is found, ind icat ing the progress ive nature  of the nu- 
c leat ion process as required by the fol lowing equat ion  (25) 
2 
i = - zF~r (2Dc)  ~312) (Mtp) (1/2) Nt (3/2) [4] 
3 
Here zF  is the molar  charge of the depos i ted species, D is 
its di f fusion coefficient, c is its concentrat ion  i tool cm -3, 
M is its molecular  weight, and p is the densi ty  of the elec- 
trolyte. This is in accordance with the conc lus ion obta ined 
from the d imens ion less  analysis. The straight l ines of i 2/3 
vs.  t in tercept  he t ime axis at treal  = t - to = 0, i.e., t = to. 
Therefore, the delay time, to, needed for the t ime correc- 
t ion can be obtained. After correct ion of the t ime scale 
wi th  to obta ined this way, the d imens ion less  plot of the ex- 
per imenta l  data is well super imposed on the theoret ical  
curve, cor respond ing to a progress ive nuc leat ion process 
(Eq. [2]), as shown in Fig. 4. 
Aluminum dendr i te  fo rmat ion . - -A luminum deposits  
obta ined by e lectrochemical  reduct ion f rom NaA1C14 melt  
saturated with NaC1 can vary greatly in their  outer  appear-  
ance depend ing  on the deposi t ing condit ions.  They can be 
smooth,  rough, dendrit ic,  or porous as the current  densi- 
ties increase. Several  types of surface morpho logy  of alu- 
0.7 
o 75 mY 
9 80mV 
0.6 o 85 mV 
/Do/ ~ o ~ 
o /  / o "~176 < 0.4 
~_ 0.3 oO 
02 
o., / / /  
/2  ~ 0 I I I I 
0 0.5 1.0 1.5 2.0 
t(S) 
Fig. 3. Plots of i 2/3 vs. time for the rising portions of some current 
transients. Overpotentials indicated in the figure. 
12 1 o 75mY 
9 80 mV 
o 85 mV 
10 
#/ 
0 ll0 2r0 310 
t real / t m 
Fig. 4. Dimensionless plots for overpotentials of 75, 80, and 85 mV 
with time correction. Theoretical curves (A) for instantaneous and (B) 
for progressive nucleation. 
Downloaded 09 Oct 2009 to 192.38.67.112. Redistribution subject to ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp
596 J. Electrochem. Soc., Vol. 137, No. 2, February 1990 9 The Electrochemical Society, Inc. 
Fig. 6. Aluminum deposits on a glassy carbon electrode of 3 mm diam 
at 175~ (a) Constant current, 0.285 mA/cm 2, 3.5h, NaAICI4 satu- 
rated with NaCI. (b) Constant current, 1.14 mAJcm 2, 6.95h, NaAICI4 
saturated with NaCI. (c) Pulsed current, 1.14 mA/cm 2 (id/A) (A = elec~ 
trode area), 6.95h, NaAICI4 saturated with NaCI. (d) Constant current, 
1.14 mA/cm 2, 6.95h, NoAICI4 saturated with both NaCI and MnCI 2. 
Fig. 5. Different types of aluminum deposits obtained from constant 
current deposition on a glassy carbon electrode (3 mm diam) in 
NaAICI+ saturated with NaCI at 175~ (a) Spongy deposits, 0.43 
mA/cm 2, 18.5h. (b) Spongy deposits, 0.57 mA/cm 2, 14h. (c) Smooth de- 
posits, 4.3 mA/cm 2, 1.85h. (d) Needle-like deposits, 21 mA/cm 2, 22 
rain. (e) Fir-tree-like dendrites, 28 mA/cm 2, t 7 min. (f) Porous deposits, 
43 mA/cm 2, 8 min. 
minum deposits  are shown in Fig. 5. In the NaA1C14 melt  
saturated with NaC1 at 175~ it seems that  spongy de- 
posits are always formed at low current  densit ies (< ca.  
0.7 mA/cm 2, see Fig. 5a and b); at in termediate  ranges of 
current  densit ies between 2 and 10 mA/cm 2, a luminum de- 
posits appear  smooth  and granular  (Fig. 5c), whi le  at very 
h igh  current  densit ies (> ca.  15 mA/cm ~) needle- l ike or fir- 
tree-l ike dendr i tes  or very porous deposits are often ob- 
ta ined (Fig. 5d, e, and f). 
A luminum grains formed dur ing deposi t ion can easily 
be observed wi th  a microscope by us ing grazing i l lumina- 
tion. It is found that  the grain size of the a luminum de- 
posits decreases as the current  densi ty  increases. At  a very 
low current  densi ty  (0.285 mA/cm2), separated a luminum 
part ic les can be obta ined on the electrode surface as 
shown in Fig. 6a, and in this case the spongy a luminum de- 
posits will form after pro longed deposit ion. A luminum 
part ic les show a great variety of sizes, wh ich  conf i rms the 
progress ive character  of the nuc leat ion process. 
It  is known from the electrocrystal l izat ion theory (26) 
that  the grain size is determined pr imari ly  by the number  
of nucle i  formed dur ing the deposi t ion process. The for- 
mat ion  of the spongy deposits  at lower current  densi ty  can 
thus  be at t r ibuted to the lack of nuclei  original ly formed 
serving as growth centers. It was known that  a luminum 
deposi t ion from NaC1-A1C13 mol ten  salts proceeds via a nu- 
c leat ion/growth mechan ism.  The diff iculty in electronucle-  
at ion of a luminum deposits  is thus  assumed to be the 
cause of format ion of spongy depos i ts  at low current  
density.  
A crit ical th ickness  of a luminum deposits,  as well as the 
var iat ion of a luminum grain sizes with current  densi ty  of 
deposit ion,  was also observed in an a luminum electroplat-  
ing study (14). The assumpt ion  of the predominant  role of 
the e lectronuc leat ion f a luminum in the deposi t ion pro- 
cess was also supported by the h igh effect of organic sur- 
factants (13, 14, 16, 17) such as te t ramethy lammonium 
chlor ide (TMA) and urea. The organic sur factants  were 
supposed  to b lock the active sites on the cathode surface 
and  result  in an energet ic homogenizat ion  of the surface 
and  consequent ly  lead to an increased number  of growing 
nuclei.  
With an increase in current  density (overpotential),  the 
e lectronucleat ion process becomes  faster and more  pre- 
cursory nuclei  can be formed dur ing  the deposi t ion pro- 
cess. The format ion of the  spongy deposits  will thus  be 
suppressed ur ing the subsequent  growth. Smooth  alumi-  
num deposits  can thus be formed when deposi t ion is done 
at in termediate  current  densit ies. 
At  h igh current  density,  the whole deposi t ion process is 
b rought  under  the control  of slow t ranspor t  of depos i t ing 
ions f rom the bu lk  to the electrode surface. In this case, 
a luminum dendr i tes  as previously d iscussed (4, 5) are 
formed. The much faster growth of a dendr i t ic  a luminum 
protrus ion relative to a luminum on the rest of the elec- 
t rode surface lies main ly  in the dif ferent di f fusion condi-  
t ions, i .e., that  spherical  di f fusion occurs around the den- 
drit ic t ips whereas l inear di f fusion prevai ls elsewhere.  The 
concentrat ion  gradient  of species conta in ing a luminum re- 
sul t ing from electrolysis may also drive the excessive 
growth of a luminum dendr i tes  as proposed in our  previ- 
ous study (3). 
A character ist ic  of di f fusion-control led dendr i te  forma- 
t ion is the critical current  density or overpotent ia l  for the  
init ial  dendr i te  format ion (12-14). The values of crit ical cur- 
rent  densit ies are direct ly related to the compos i t ion  of  the  
melt. For  the NaA1C14 melt  saturated with NaC1, the irregu- 
lar dendr i tes  or porous deposits  were often obta ined when 
cur rent  densit ies exceeding 15 mA/cm 2 were appl ied to a 
glassy carbon electrode. Gr jothe im and Matia~ovsk~r (13) 
found that  at current  densit ies up to 50 mA/cm 2 a luminum 
was depos i ted in the form of a fine crystal l ine layer on a 
steel substrate  from an electrolyte conta in ing 63.6 m/o 
A1C13. Fel lner  et al .  (14) observed a similar crit ical value on 
iron cathodes in a ternary NaC1-KC1-A1CI3 system contain- 
ing 56.8-63.6 m/o A1Cla. Smi th  et  at. (27, 28) found that  the 
crit ical current  density decreased dramatical ly  to ca. 
1 mA/cm 2 in the ternary A1C13-based melts  conta in ing ca.  
50 m/o A1C13. 
All of the results  cited were obta ined by us ing iron or 
steel substrates.  Therefore the di f ference in critical cur rent  
densit ies between the cited l i teratures and ours may be 
part ly at t r ibuted to the di f ferent compos i t ion  of the mel t  
and to the di f ferent electrode substrates  used. Moreover,  
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Nayak et al. (11) found that electrodeposition f aluminum 
on brass from 36.4 m/o NAC1-63.6 m/o A1Cl~ led to nonden- 
dritic crystal deposits at current densities of up to 
53 mA/cm 2. Pretreatment of a mild steel substrate by elec- 
tropolishing in the electrolyte itself was also found to be 
very helpful in eliminating dendrite formation (12). The 
fact that the substrates have such a pronounced effect on 
aluminum deposition also suggests the importance of the 
nucleation process. It seems correct o say that even in the 
case of diffusion-controlled dendrite formation, the elec- 
tronucleation process may play a certain role in dendrite 
formation. 
The smooth aluminum deposits obtained at interme- 
diate current densities between ca. 2 and 10 mA/cm 2 are 
not compact. Figure 7 shows the results of the average vol- 
ume of the aluminum deposits per coulomb vs. the current 
density that was applied. The volumes were all measured 
on photographs of the deposits. The deposits obtained 
from NaA1C14 saturated with NaC1 by constant current 
deposition look porous. The values for the volume of alu- 
minum are about five times or more larger than the 
theoretical value of 0.0345 mm3/C for a compact layer of 
aluminum. The larger values obtained at low and high cur- 
rent densities during constant current deposition reflect 
the formation of two types of deposits, viz., the electronu- 
cleation-controlled formation of spongy deposits at low 
current densities and the diffusion-controlled formation of 
dendrites at high current densities. 
It seems of importance to distinguish the two mechan- 
isms from one another. Consequently, different tech- 
niques may be used to inhibit the formation of individual 
kinds of dendrites. For instance, to avoid dendritic forma- 
tion caused by the slow nucleation process at low current 
density, a pulsed current shown in Fig. 8 was used. A sin- 
gle pulse of current (ip) ten times as large as the deposition 
current (ia) and with a duration of 10s was applied at the 
beginning of the experiment in order to accelerate the nu- 
cleation process. A small deposition current (id) was then 
used to avoid the dendrite formation caused by the diffu- 
sion-controlled process afterward. In this way, the spongy 
deposits can be completely eliminated. The volume of the 
aluminum deposits obtained by the pulsed current deposi- 
tion is also shown in Fig. 7. It can be seen that the 
compactness of the aluminum deposits was much im- 
proved by this pulse technique, especially at low current 
densities. Apparent differences between aluminum de- 
posits obtained at the same deposition current density 
(1.14 mA/cm 2) with and without the initial current pulse 
are shown in Fig. 6b and c. Furthermore, the addition of 
manganese chloride into the melt can also significantly im- 
prove the quality of deposits, as seen in Fig. 6d. Detailed 
studies are now under way to explore the effect of manga- 
nese chloride addition on aluminum deposition. 
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Fig. 8. Pulsed current diagram: ip, initial current pulse, tp, duration of 
current pulse, and id, deposition current, tp is always 10s, ip is always 
ten times as large as id, and id continued until a total charge of ca. 30 
C/cm 2 has been transferred. 
Conclusions 
Electrochemical deposition of aluminum onto glassy 
carbon electrodes from NaA1C14 saturated with NaC1 at 
175~ has been investigated and found to proceed via a nu- 
cleatiorggrowth mechanism. The nucleation process was 
found to be progressive. Several types of aluminum de- 
posits can be electrodeposited from the melt, mainly de- 
pending on the current densities applied. It is observed 
that only at intermediate current densities, between 2 and 
10 mA/cm 2, can a smooth layer of aluminum be formed. 
The smooth deposits are still about five times more volu- 
minous than the theoretical value. At high current densi- 
ties, above ca. 15 mA/cm 2, needle-like or fir-tree-like den- 
drites or very porous deposits were often obtained. The 
deposits were attributable to the slow diffusion process of 
species containing aluminum. At lower current densities, 
below ca. 0.7 mA/cm 2, aluminum was deposited in the 
form of spongy deposits, apparently due to the slow nucle- 
ation process. The spongy deposits can be inhibited by 
using pulsed current deposition or by adding manganese 
chloride to the melt. 
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Analysis of the Response of Ion Sensing FETs with a Chemically 
Modified Gate Insulator 
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ABSTRACT 
This paper is devoted to the analysis of the physicochemical parameters influencing the response of ion sensing FETs 
obtained by chemical grafting of the silica gate insulator. The site binding theory has been applied to the modified silica/ 
electrolyte interface; for the first time the equilibria involving H § and M + ions have been taken into account. The estab- 
lished theoretical expression ~o-pM shows that the sensitivity of the ion sensing FETs is better when the number of sensi- 
tive sites and the complexation constant of these sites are higher. The experimental response of the Ag § sensing ISFET 
was fitted with this model. The percentage of cyanografted sites is determined to be 8%; their complexation constant 
is -0.9. 
ISFET-type chemical sensors consist of an insulated 
gate field effect ransistor (IGFET) where the metallic gate 
is replaced by a sensitive membrane, an electrolyte, and a 
reference lectrode. At the interface between the insulator 
and the solution, the electric potential difference depends 
on the composition of the solution (pH or other ions) and 
on the nature of the insulator surface. Several dielectrics 
were used for pH detection: SiO~ (1), Si3N4 (2), A1203 and 
Ta205 (3). For ion detection the dielectric surface was mod- 
ified by adding several types of specific membrane to the 
insulator surface: special glass for Na + and K + detection 
(4), insoluble salts for halogenide detection, polymeric 
membranes with inserted ionophore groups for detection 
of K +, Na § Ca 2+ (5), NO3- (6), C1- (7) ions. Ion specificity 
was also conferred onto the directly modified insulator 
surface by ion implantation (8) for Na + detection or by 
chemical grafting. The feasibility of an Ag + sensing ISFET 
through chemical grafting of the silica surface with cya- 
nopropylsilane has been shown (9, 10). The devices ob- 
tained have a long lifetime (11) and a short response time 
(9). This paper is devoted to the analysis of the parameters 
influencing the ion response of this type of device. 
The potential/pH response of the oxide membrane 
ISFET is based on the acid/base behavior of hydroxyl 
groups on the surface. The site binding theory which was 
first applied to pH sensitive ISFET by Siu and Cobbold 
(]2) allows the fit of the response of the ISFETs by intro- 
ducing a sensitivity constant ~ (13, 14). Very recently, the 
site binding theory was extended to a dielectric surface 
with two types of sites: the Si3N4 membrane with am- 
photeric hydroxyl groups and the basic amine groups (15). 
For both sites the potential determining ion is H +. In this 
paper, we present the site binding theory for a modified in- 
sulator surface: a silica ISFET grafted with ionophore 
groups which presents a specific response for ions differ- 
ent from H § the remaining amphoteric hydroxyl groups 
being pH sensitive. This model is applied to the cyano- 
grafted silica membrane; the potential determining ions 
are Ag + and H + (9-11). 
* Electrochemical Society Active Member. 
Site Binding Theory Applied to Grafted Silica Surface 
Surface reactions.--The two types of sites on the grafted 
silica surface are amphoteric hydroxyl sites, called SOH, 
and the ionophore grafted sites called S-X. 
It is assumed that no surface complexation ofM + occurs 
with hydroxyl groups, as has been observed in the case of 
Ag § ions, the flatband potential of St/bare SiO2/electrolyte 
only being slightly shifted in the presence of Ag § ions (10). 
The S-X sites are assumed to present no amphoteric prop- 
erties as has been shown through the electrokinetic prop- 
erties of CN-grafted silica in colloidal aqueous suspen- 
sions (16). Thus, each type of site reacts with one specific 
ion: H § with the amphoteric SOH sites and M § with the 
S-X sites. The formation of surface complexes between 
charged surface sites (SOH2 § and SO-) and counterions in 
the solution will be neglected. Such surface complexes 
have been shown to have a negligible ffect on the surface 
potential (14). 
The equations describing the surface reactions of the 
two sites are: 
Amphoteric reactions of SOH.-- 
(H~+)(SOH) 
SOH2 + <--> SOH + Hs + k'oH - [1] 
(SOH~ +) 
(Hs+)(SO -) 
SOH ~ SO- + H~ + k"oH -- [2] 
(SOH) 
Surface complexation ofM + with S-X sites.-- 
S-X + M~ + ~ S-X --- M § 
(S-X --- M § 
K• [3] 
(S-X) (Ms +) 
In these equations, the quantities in parentheses are 
ion ic  activities, in the  case  o f  bu lk  concent ra t ions ,  or  num-  
bers  o f  sites per  un i t  sur face  area  in the  case  o f  sur face  con-  
centrat ions.  The  activity coeff ic ients for the  sur face  con-  
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